A combination of electrochemistry and luminescence methods was exploited to obtain information on the electrochemical activity and homogeneity of Nafion Langmuir-Blodgett films. The redox behavior of the Ru(bpy) 3 2+ probe incorporated in the Nafion film was monitored by epifluorescence microscopy. The photoluminescent images, recorded by a charge-coupled device (CCD) camera, reflect the distribution of the probe in the film, which resulted as very uniform, particularly in comparison with spin-coated films. Apparent diffusion coefficients (D app ) determined by cyclic voltammetry for films of less than 10 layers are in the range of 1 × 10 -12 to 8 × 10 -12 cm 2 s -1 , that is, 2 orders of magnitude lower than values reported in the literature for spin-coated Nafion films. The application to the electrode of a potential able to oxidize the luminescent Ru(bpy) 3 2+ to the nonluminescent Ru(bpy) 3 3+ switched off the photoluminescence with a response time that for the LB films was much shorter than that for the spin-coated ones. Experimental evidence and calculations indicate that lowering of the film thickness down to the nanometric level is very effective in shortening the switching time, notwithstanding the lowering of the D app value in LB films.
Introduction
Membranes of perfluorinated ionomers, such as Nafion, present unique properties as far as chemical, thermal, and mechanical stability, ion and water transport, and electrochemical characteristics are concerned.
1 Nafion can be used not only as a preformed thick membrane but also in the form of hydroalcoholic dispersions, suitable for recasting thin films of the ionomer on metal surfaces. 2, 3 This gave rise to a simple and practical procedure to prepare polymer coated electrodes which display interesting characteristics for many analytical applications. [4] [5] [6] The ability of Nafion films to preconcentrate redox cations, to reject anionic interferences, and to protect electrode surfaces from undesired adsorption and poisoning constitutes the basis for an electroanalytical technique named ion-exchange voltammetry. 4, 7 Recently, the interest in recasted Nafion extended to fuel cells, where it is used as an important component of the catalyst layer 8 or, after dispersion with proper inorganic additives (montmorillonite, Zr phosphate, Ti, Pt, or Si oxides), to suppress fuel crossover in direct methanol fuel cells.
9-11
The recasting of Nafion on electrode surfaces is typically performed by microvolume evaporation or spin-coating. 12 Notwithstanding the easiness of such coating procedures, it is widely demonstrated that films of recasted Nafion show properties strongly dependent on different parameters such as solvent choice, 13,14 curing temperature, [13] [14] [15] or relative humidity 16 during the drying step. Lack of full control on such parameters can cause, sometimes, unsatisfactory reproducibility in the behavior of the coated electrode.
A better understanding of the properties and behavior of recasted Nafion can come from the possibility to build molecularly engineered films of the ionomer. 17 Langmuir-Blodgett (LB) techniques received great attention thanks to the capability to build ultrathin films made of monolayers or multilayers ordered at a molecular level. 18, 19 This is particularly interesting for tailoring surface properties and controlling electron transfer processes at the electrode/solution interface. Recent results 17, 20, 21 showed the feasibility of such an approach which allows the preparation of ultrathin (thickness as small as 2 nm 20 ) films of Nafion and other ionomers. 17 It was shown that Langmuir films of ionomers can be transferred on electrode surfaces by using Langmuir-Schaefer (LS) 20, 21 and Langmuir-Blodgett (LB) deposition techniques. 17 While keeping the ion-exchange preconcentration capability and permselectivity typical of recasted ionomers, mass and charge * To whom correspondence should be addressed. E-mail: sojic@enscpb.fr (N.S.); ugo@unive.it (P.U.).
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(1 transfer processes relevant to electroactive species incorporated in LS and LB films of Nafion displayed some peculiarities with respect to "conventional" recasted films. 21 Apparent diffusion coefficients of electroactive counterions are up to 2-3 orders of magnitude lower than those in recasted coatings. 22 In principle, this behavior can be attributed to a denser structure of the film, with multilayering of hydrophobic and hydrophilic domains as a consequence of the 2D ordering of the interfacial film during Langmuir compression in the trough. 22 Very recently, Bertoncello et al. 23 ,24 prepared LS films of Nafion and Ru(bpy) 3 2+ , forming a Langmuir monolayer with the mixture, which was transferred to the indium tin oxide (ITO) surface, in a procedure named by the authors as "one step". However, there is no clear experimental evidence to support whether LS-or LB-Nafion coatings retain the same clustered structure organized in hydrophobic/hydrophilic domains typical of "classical" Nafion (both as thick membranes or recasted films) or whether the 2D ordering created in the Langmuir interfacial film reflects in a sort of a layer-by-layer structuring where layers of sulfonic groups are sandwiched between layers of perfluorinated hydrophobic chains.
In order to gain deeper insight into this problem, it is necessary to complement the already very powerful electrochemical studies with additional information that could be gained with orthogonal techniques. For example, the cross-correlation of electrochemistry and luminescence methods (e.g., fluorescence, phosphorescence, electrochemiluminescence) is a very fruitful approach. The present research aims to establish the basis for exploiting a similar approach to monitor by epifluorescence microscopy and in situ electrochemistry the redox behavior of the Ru(bpy) 3 2+ probe incorporated into the LB-Nafion film. This requires a detailed study on the factors ruling the electrochemical and epifluorescence behavior of the Ru(bpy) 3 2+ complex incorporated in the LB film. Using our approach, the photoluminescent images reflect the local concentration of the Ru(bpy) 3 2+ complex immobilized in the LB-Nafion multilayer structure. The study of changes in photoluminescence after the application of a sufficiently high potential to oxidize luminescent Ru(II) to nonluminescent Ru(III) can give information on the response time and on the electroactivity of all the photoactive probes in the film. In other words, the electrochemical activity and homogeneity of the LB-Nafion film are directly imaged.
Experimental Section
2.1. Materials. Tris(2,2 ′ -bipyridyl)ruthenium(II) chloride hexahydrate, potassium nitrate, phosphate buffered saline (PBS, pH ) 7.4), sodium chloride, and Nafion 117 solution (equivalent weight (EW) 1117, 5% w/v in a mixture of low molecular weight alcohol) were purchased from Sigma-Aldrich. Stock solutions of Nafion at the required concentration were prepared by proper dilution of the commercial solution with methanol. All solutions were prepared in 18 MΩ water (nanopure). Polished float glass, SiO 2 passivated/ indium tin oxide (ITO), was from Delta Technologies (R s ) 4-8 Ω).
2.2. Procedure and Instrumentation. LB Films. Interfacial films of Nafion were prepared using a Langmuir-Blodgett trough (Langmuir KSV 2000 trough, KSV Instruments Ltd., Finland). The surface pressure was measured by means of a Wilhelmy balance with an accuracy of 0.2 mN m -1 . A volume of 300 µL of Nafion 0.05% was spread as three separate aliquots of 100 µL. After each addition, the interfacial film was compressed and decompressed up to a final compression after the last addition. As suggested in the literature, this separate addition method allows better repeatability and higher compressibility of interfacial Langmuir films of polymers.
18,38 On the basis of the shapes of relevant Langmuir isotherms, typical surface pressures for performing the LB-Nafion deposition were 20 mN m -1 . ITO glass slides were cleaned in a heated ultrasonicated ethanolamine-water 1:4 solution and copiously rinsed with MilliQ water before the transfer of the LB-Nafion film. The thicknesses of the LB films were measured by AFM following the procedure reported in ref 20. By this procedure, a dry thickness value is obtained; however, results of measurements carried out in solution indicated that swelling of the films is negligible.
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Nafion spin-coating was performed with a Servodyne mixer/ spinner comprising an inverted mixer head and a digital RPM controller (Cole-Parmer Instrument, Veron Hills, IL). The ITO electrode was mounted horizontally onto the spinner mixer head. An aliquot of 20 µL of Nafion 0.05% in methanol was dispensed onto the ITO surface and was spun at 2000 rpm for 1 min. The Nafion layer was then dried in air at room temperature for 15 min. The thickness of the coatings was measured with a Tencor R-STEP 500 profilometer and was estimated to be 250 ( 25 nm.
Electrochemical and Epifluorescence Measurements. The electrochemical measurements were performed using a CHI model 660B voltammetric analyzer, controlled by its own software. A standard three electrode cell configuration was used. Ag/AgCl (KCl-saturated) was used as the reference electrode, and all potentials were measured and reported with respect to this electrode. The counter electrode was a platinum coil. Unless otherwise indicated, the area of the ITO electrodes was 0.07 cm 2 .
Photoluminescence imaging was performed with a modified epifluorescence microscope (BX-30, Olympus) interfaced with a potentiostat PGSTAT 12 Autolab (EcoChemie) for the voltammetric measurements. The experimental assembly is shown in Figure 1 . Light from a 75 W xenon arc lamp was optimized on the region of interest. Light was then collimated and passed through a 485 ( 11 nm excitation filter (Omega Optical) corresponding to the Ru(II) excitation wavelength. The selected wavelength was reflected at 90°b y a 540 nm dichroic mirror and focused with a 20× microscope objective. The sample, that is, the Nafion-coated ITO loaded with Ru(bpy) 3 2+ , was located in a spectroelectrochemical cell, and the focal plane corresponded to the electrode surface. The photoluminescence from the electrode surface was filtered by a band-pass filter (605 ( 25 nm) to ensure that only Ru(II) photoluminescence was observed. The photoluminescence images produced while changing the electrochemical potential applied to the sample were acquired by a CCD camera (Roper Scientific), which was fitted with a back-illuminated chip (Marconi 47-10) that has 1024 × 1024 pixels. Maximum pixel readout rate was 1 MHz at 16 bits. The spatial resolution of the mapping is about 300 nm. The camera head cools the chip thermoelectrically to -40°C.
Results and Discussion

Cyclic Voltammetry of Ru(bpy) 3
2+ at LB-Nafion Films. Cyclic voltammetry was used for the study of the ion-exchange incorporation and electrochemical behavior of Ru(bpy) 3 2+ in an ITO electrode coated with Nafion-LB films. Figure 2 shows the voltammetric patterns recorded at a 9-layer Nafion-LB electrode (NLBE) Figure 2 with literature data indicates that the process involved is the one electron reversible oxidation of Ru(bpy) 3 2+ preconcentrated by ion-exchange within the Nafion-LB coating:
Actually, the fact that reaction (1) occurs within an ion-exchange coating is responsible both for the positive shift in the E 1/2 values (calculated as E 1/2 ) (E pf + E pb )/2) with respect to E 1/2 obtained at the bare ITO electrode 4,39 and for the fact that this shift increases with increasing dipping time. Taking into account previous studies 40 for the case of Os(bpy) 3 2+ incorporated in recasted Nafion, such a shift in the E 1/2 values suggests a lowering of the hydration of the LB-Nafion film with increasing incorporation of the ruthenium complex. Even a partially dehydrated film contains less water, thus causing an enhancement of ion pairing between electroactive counterions and the sulfonic groups of Nafion. Consequently, electrochemical oxidation of the redox centers becomes more energy demanding so that E 1/2 shifts toward more positive potential values while increasing the Ru(bpy) 3 2+ loading. The higher condensation degree of Nafion-LB films with respect to recasted ones is responsible for stronger interactions between neighboring sulfonic groups, with a consequent higher sensitivity of electrochemical responses to small changes in the hydration state of the ionomer film.
The time dependence of the increase in the oxidation peak current for the NLBE (Figure 3) shows that peak current increases approximately 50% only 1 min after dipping in the Ru(bpy) 3 2+ solution, rapidly reaching a plateau value after approximately 15 min. This evidence indicates a quick ion-exchange incorporation of Ru(bpy) 3 2+ within the ultrathin Nafion-LB film. Figure 3 (squares) reports the time dependence of the decrease in the oxidation peak current recorded when the electrode is transferred from the Ru(bpy) 3 2+ solution to pure supporting electrolyte. This plot shows a decrease in the peak current (approximately 60%) immediately after transfer, which stabilizes to 0.9 of the initial signal 1 h after transfer. This indicates that a significant amount of Ru(bpy) 3 2+ remains strongly incorporated in the Nafion film after the transfer to pure supporting electrolyte solution. This is related to the fact that Ru(bpy) 3 2+ interacts not only with the ion-exchange sites but also with the hydrophobic regions of Nafion, with the latter continuing to play a relevant role also in LB-Nafion films. 29 The effect of the scan rate on the voltammetric behavior of Ru(bpy) 3 2+ was studied as a function of the number of Nafion-LB layers. Figure 4 presents the dependence of peak current on the scan rate and on the square root of the scan rate for films with different numbers of LB layers, for NLBEs loaded in 2 × 10 -6 M Ru(bpy) 3 2+ and transferred to pure supporting electrolyte (0.01 M KNO 3 ). These plots show a linear behavior with the scan rate up to a maximum value that is 0.2, 0.1, and 0.05 V s -1 for 1, 3, and 9 layers, respectively. At higher scan rates, after a transition region, peak currents become linearly dependent on V 1/2 . At the maximum scan rate where thin-layer behavior (i p RV) is observed, the thickness of the diffusion layer (2D app t) 1/2 is approximately equal to the polymer film thickness φ, that is
For shorter time scales, that is, for higher scan rates, the thickness of the diffusion layer becomes shorter than the thickness of the film, that is, (2D app t) 1/2 , φ. Under this condition, the peak current becomes a linear function of V 1/2 . Note that even in the thinnest film (one layer) the thickness of the deposit is higher than the one expected for one flat monolayer of monomeric units but corresponds to approximately seven "monolayers", 17 where, according to Gaines, 38 "a true polymer monolayer is one in which every monomer segment of each molecule is constrained to remain in the interface during the period of the experiment". This explains why a diffusion control on charge transfer is observed only at very short times (<100 ms for one LB layer).
The above-described results confirm that the transition between thin-layer-like behavior (i p RV) and diffusion controlled behavior (i p RV 1/2 ) is observed at progressively lower scan rates with an increasing number of Nafion-LB layers.
D app values can be calculated by eq 2 or by eq 3
where m is number of moles of Ru(bpy) 3 2+ incorporated in the film, measured by integration of the relevant oxidation peak under thin layer conditions (5 mV s -1 ), and S is the slope of the 22 These values are approximately 2 orders of magnitude lower than the values measured in recasted films. 40, 42 The present data confirms that the D app values are typically lower in LB films of Nafion with respect to recasted coatings. Such a trend was observed also for other cations such as (ferrocenylmethyl)trimethylammonium (FA + ) and Ru(NH 3 ) 6 3+ .
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By performing the loading in more concentrated Ru(bpy) 3
2+
solutions than those in Figure 2 , the sulfonate sites of the NLBE are expected to be saturated by the electroactive complex. Figure  5 shows cyclic voltammograms recorded after saturation loading in 1 mM Ru(bpy) 3 2+ for NLBEs coated with different numbers of LB layers, namely 3, 5, 9, and 15. Coulometric integration of the peak currents recorded at low scan rates (5 mVs -1 ) allows one to calculate Ru(bpy) 3 2+ loadings. As shown in Figure 5b , they scale linearly with the number of LB layers up to, at least, 60 layers. From the slope of this plot, taking into account that two sulfonic groups interact with one Ru(bpy) 3 2+ ion, the surface coverage for one LB layer can be estimated as 4 × 10 -12 equiv cm -2 . Such a voltammetric characterization of Ru(bpy) 3 2+ in the NLBE gave important information necessary for the following epifluorescence study.
3.2. Epifluorescence Imaging. The photoluminescence imaging of the film can give direct information on the morphology of the film, since the distribution of the light should reflect the local concentration of the Ru(bpy) 3 2+ complex immobilized in the LB-Nafion multilayer structure. Moreover, the study of the electrochemical switching of epifluorescence can furnish information on the response time and ratio between photoluminescence and electroactive probes in the film. Ru(bpy) 3 2+ emits a strong luminescence with a maximum at 605 nm, while the oxidized form is not photoluminescent. The experimental setup is such that both the excitation (485 nm) and the emitted radiation (605 nm) pass through the objective of a microscope, with the former being focused on the surface of the modified electrode, using the setup shown in Figure 1 . Figure 6 shows typical photoluminescence images of Nafion films prepared by the LB technique and by spin-coating. The images on the left side were recorded when applying at the NLBE a potential of 0 V, in which the Ru(II) complex is in the photoluminescent form; the images on the right side were recorded after applying an oxidizing potential of 1.2 V, where Ru(III) is generated. The number of LB layers increases from top to bottom for the first four lines, while the lowest line refers to a spincoated electrode. From the analysis of this series of images, it can be observed that, at a reducing potential (0 V), the intensity of the emission increases by increasing the number of layers. The photoluminescence appears quite homogeneously distributed over the region of interest for the LB samples, apart from a decrease at the corners of some images, caused by the focusing of the incident light on the center of the image. Some linear scratches are present in the 30 and 40 layers, and no (or little) luminescence is observed on them. These negligible areas (caused by handling) are not taken into account in the following discussion. For the spin-coated samples, the luminescence intensity is higher and more localized. Comparison between LB and spin-coated Nafion films shows indeed a more uniform luminescence in the LB samples. The images on the right side of Figure 6 were recorded 1 s after application of 1.2 V to the LB-Nafion samples. At this potential, the complex is oxidized and the nonphotoluminescent form is generated in the film. For the LB samples, one can see that the photoluminescence decreases dramatically and is completely turned off after 1 s. Only for thicker samples (30 and 40 LB-Nafion layers), a clustered light intensity remains important. On the contrary, for the spin-coated sample, a large area remains luminescent even 20 s after application of 1.2 V (Figure 6 ). This indicates a much slower efficiency of the turning off for the spin-coated Nafion films with respect to the LBNafion films. 2+ luminescence is distributed very homogeneously, so indicating the formation of a very regular Nafion coating. Photoluminescence images were acquired as a function of time before and after application of the potential step. The oxidizing potential induces the uniform decrease of the photoluminescence (middle and right images of Figure 7a ). Such dynamic imaging allows one to visualize directly the electrochemical behavior of the films. Indeed, the simultaneous decrease of luminescence with space and time is due to the corresponding decrease of the local Ru(II) concentration. From a sequence of photoluminescence images, the variations of the light intensity were calculated in the same region of interest after a potential step was imposed at the electrode. The dynamic photoluminescence intensity profile is displayed in Figure 7b . The collected light intensity decreases dramatically to about 30% in the first few seconds, and then it continues to decrease more slowly over a 100 s period up to reaching a constant value, that is, around 20% of the initial photoluminescence value.
Interestingly, a similar trend is observed also from the chronoamperometric plot reported in Figure 8 . Also in this case, after application of the oxidizing potential, the current decreases quickly in the first 40 s and tends to reach a steady value for t > 100 s. The reasons behind this behavior are presently under investigation; they could be related to a redox reaction of Ru(III) with a species present in solution (e.g., OH -) 44 to regenerate, partially, photoluminescent and electroactive Ru(II). From the epifluorescence images at reducing potential, the average photoluminescence intensity was calculated for each sample. Figure 9 compares the photoluminescence intensity on the number of layers (Figure 9a ) and the oxidation peak current recorded at the same electrodes (Figure 9b) . By increasing the number of Nafion-LB layers, the number of redox photoluminescent centers increases proportionally, so that photoluminescence increases as well. The increase in photoluminescence scales roughly linearly with the number of LB-Nafion layers ( Figure  9a ). As shown in Figure 5b , also the amount of Ru(bpy) 3 2+ incorporated in the NLBE scales linearly with the number of layers, so indicating that the successive LB-Nafion layers are efficiently deposited over each other. The slight deviation from perfect linearity may be related to an inner-filter effect due to the absorbance of the sample; this effect is well-known in fluorescence techniques. [45] [46] [47] It may be also related to selfquenching of the photoluminescence by the high concentration of Ru(bpy) 3 2+ centers within the compact LB-Nafion film.
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Regardless, the results confirm the efficiency of the LB techniques to accurately build multistructures of ultrathin Nafion films. The relation between the photoluminescence intensity and the oxidation peak current for different numbers of LB-Nafion layers is further illustrated using an adequate representation of the normalized data in Figure 7b . In this figure, peak currents and photoluminescence data are normalized with respect to the maximum values of the peak current and of the luminescence intensity, respectively. The electrochemical and photoluminescent data follow the same trend and scale quasi-linearly, with a slope close to unity. This means that the same fraction of immobilized Ru(bpy) 3 2+ is both electroactive and photoluminescent in each layer of the LB-Nafion film. In other words, the ruthenium complex which is immobilized in the outer layers (i.e., far from the electrode surface) remains as electroactive as the complex incorporated closer to the electrode surface, so that electroactivity and photoluminescence of the immobilized Ru(bpy) 3 2+ complex are invariant with film thickness. This indicates that electron hopping, which is the main transport mechanism for the case of Ru(bpy) 3 2+ in Nafion, 43 allows an efficient charge transfer through all the complexes incorporated in the film.
As far as the oxidative switching off of luminescence is concerned, the faster response time of Nafion-LB versus spincoated Nafion films requires some further evaluation. By taking 
